Introduction {#sec1}
============

Steric stabilization is widely recognized to be the most important mechanism for achieving long-term colloidal stability.^[@ref1],[@ref2]^ Unlike charge stabilization,^[@ref3]^ it confers thermodynamic stability at relatively high solids, is tolerant of added salt in aqueous formulations,^[@ref4]^ and can be designed for a wide range of media, including both polar solvents^[@ref5]−[@ref11]^ and non-polar solvents^[@ref12]−[@ref21]^ as well as more exotic solvents such as supercritical carbon dioxide^[@ref22]−[@ref27]^ or ionic liquids.^[@ref28],[@ref29]^ In view of these many advantages, steric stabilization is now used on an industrial scale across a wide range of commercial sectors. Examples include the manufacture of copolymer latex paints,^[@ref12],[@ref30]^ ceramic dispersions,^[@ref31]−[@ref35]^ ink formulations,^[@ref36]^ and antiwear additives for engine oils.^[@ref37]−[@ref39]^ Steric stabilization is also known to be a highly effective mechanism for preventing the biofouling of surfaces^[@ref40]−[@ref45]^ and is important in determining the interfacial adsorption of particles^[@ref46]^ as well as the emulsion type for Pickering emulsifiers.^[@ref47]^

The *effective particle density* and the *stabilizer layer thickness* are key parameters for sterically stabilized particles. Knowledge of the former parameter is vital for high resolution particle size analysis based on analytical (ultra)centrifugation.^[@ref48]−[@ref50]^ This is because the density difference between the particles and the continuous phase is one of three primary variables, along with the particle size and colloidal stability, that determine the rate of sedimentation (and hence the degree of particle fractionation). The latter parameter is of fundamental interest and is directly related to the observed colloidal stability, since it precisely determines the interparticle separation distance at which the steric repulsive term becomes important.^[@ref2]^ In principle, small-angle neutron scattering (SANS) can be used to determine the segment density profile of stabilizer chains normal to the particle surface and hence the mean stabilizer layer thickness. However, this sophisticated technique usually requires deuterated polymers for the contrast variation approach that yields the highest-quality data, but unfortunately such polymers are typically not available for most commercial systems of interest. Similarly, small-angle X-ray scattering (SAXS) can be used to determine stabilizer layer thicknesses. For example, Ballauff and co-workers have used SAXS to determine the stabilizer thickness for poly(ethylene oxide)-stabilized polystyrene (PEO--PS) latexes with core diameters ranging between 70 and 146 nm.^[@ref51],[@ref52]^ However, the problem of effective particle density was not considered. Moreover, this PEO--PS system is ill-suited to addressing this question because the density difference between the PS core and water (∼0.05 g cm^--3^) is simply too small.

According to the well-established mechanism of steric stabilization, colloidal stability is achieved by creating a relatively thick dense surface layer of polymer chains.^[@ref2],[@ref30],[@ref53]^ In a good solvent for the stabilizer, interpenetration of such chains is unfavorable on both entropic and enthalpic grounds. This leads to a strong interparticle repulsive term that offsets the ever-present van der Waals attractive forces and ensures long-term colloidal stability. In principle, the stabilizer chains can be either chemically grafted^[@ref4],[@ref21],[@ref24]^ or merely physically adsorbed on the surface of the colloidal particles.^[@ref16]−[@ref18]^ A third scenario arises for amphiphilic diblock copolymer nanoparticles, such as those prepared by polymerization-induced self-assembly (PISA) using techniques such as reversible addition--fragmentation chain transfer (RAFT) dispersion or emulsion polymerization.^[@ref20],[@ref54]−[@ref70]^ In such cases the solvophilic block comprises the stabilizer chains, while the solvophobic block forms the particle core.

In the present work, we have exploited RAFT aqueous emulsion polymerization to prepare a series of near-monodisperse sterically stabilized diblock copolymer nanoparticles via PISA. The hydrophilic stabilizer block was chosen to be a well-known non-ionic water-soluble polymer, namely poly(glycerol monomethacrylate) \[PGMA\], while poly(2,2,2-trifluoroethyl methacrylate) \[PTFEMA\] was selected as the hydrophobic core-forming block, mainly because of its relatively high solid-state density (1.47 g cm^--3^, see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This model system was designed to enable the determination of the effective particle density (ρ~particle~) and stabilizer shell thickness (*T*~shell~) for sterically stabilized diblock copolymer nanoparticles. Initially, the nanoparticle size and morphology was assessed using transmission electron microscopy (TEM) and dynamic light scattering (DLS). SAXS was then utilized to determine the volume-average diameter, aggregation number (*N*~agg~), and *T*~shell~ for selected nanoparticles. The latter data were then used to calculate an effective particle density (ρ~particle~), which enabled high resolution particle size analysis for this model system via disk centrifuge photosedimentometry (DCP). Finally, it is demonstrated that DCP size distributions can be corrected for the superimposed density distribution that is an intrinsic feature of such core--shell nanoparticles.

![Schematic representation of a sterically stabilized PGMA~*x*~--PTFEMA~*y*~ diblock copolymer nanoparticle. The effective particle density (ρ~particle~) in aqueous solution will depend on the radius and density of the PTFEMA core (ρ~core~) and the thickness (*T*~shell~) and density of the solvated stabilizer shell (ρ~shell~).](ma-2016-00987r_0002){#fig1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Glycerol monomethacrylate (GMA) was donated by GEO Specialty Chemicals (Hythe, UK) and used without further purification. 2,2,2-Trifluoroethyl methacrylate (TFEMA) and 4,4′-azobis(4-cyanopentanoic acid) (ACVA; 99%) were purchased from Sigma-Aldrich UK and were used as received. 2-Cyano-2-propyl dithiobenzoate (CPDB) was purchased from STREM Chemicals Ltd. (Cambridge, UK) and was used as received. *d*~6~-Acetone and *d*~4~-methanol were purchased from Goss Scientific Instruments Ltd. (Cheshire, UK). All other solvents were purchased from Fisher Scientific (Loughborough, UK) and used as received. Deionized water was used for all experiments.

Synthesis of PGMA~*x*~ Macro-CTA via RAFT Solution Polymerization {#sec2.2}
-----------------------------------------------------------------

A typical protocol for the synthesis of PGMA~63~ is as follows. CPDB RAFT agent (1.650 g, 7.454 mmol), GMA (78.144 g, 488 mmol), and ACVA (0.379 g, 1.352 mmol; CPDB/ACVA molar ratio = 5.0) were weighed into a 500 mL round-bottom flask and degassed with nitrogen for 15 min. Ethanol (148 mL) was deoxygenated separately with nitrogen for 30 min prior to addition to the other reagents. The reaction solution was stirred and degassed in an ice bath for a further 30 min before placing in an oil bath at 70 °C. The polymerization was allowed to proceed for 150 min (GMA monomer conversion = 68% as judged by ^1^H NMR). The crude homopolymer was collected by precipitation into a 10-fold excess of dichloromethane from methanol. This cleanup protocol was repeated twice to afford a pure PGMA macro-CTA (53.14 g, \<1% residual monomer). The mean degree of polymerization (DP) was calculated to be 63 as judged by ^1^H NMR. DMF GPC analysis indicated an *M*~n~ of 15 000 g mol^--1^ and an *M*~w~/*M*~n~ of 1.19 (vs a series of near-monodisperse poly(methyl methacrylate) (PMMA) calibration standards). Other PGMA macro-CTAs with differing mean degrees of polymerization (28, 43, and 98) were prepared using a similar protocol simply by varying the monomer/CPDB molar ratio.

RAFT Aqueous Emulsion Polymerization of PGMA~*x*~--PTFEMA~*y*~ {#sec2.3}
--------------------------------------------------------------

A typical protocol for the synthesis of PGMA~63~--PTFEMA~400~ diblock copolymer nanoparticles was as follows: PGMA~63~ macro-CTA (0.140 g), ACVA (0.600 mg, 2.14 μmol; macro-CTA/ACVA molar ratio = 3.0), and water (4.58 g, 10% w/w) were weighed into a 14 mL sample vial, sealed with a rubber septum, and degassed with nitrogen for 30 min. TFEMA \[3.20 mL, 22.6 mmol, target degree of polymerization (DP) = 400\], which had been deoxygenated separately with nitrogen for 15 min, was then added to the solution under nitrogen and immersed in an oil bath set at 70 °C. The reaction solution was stirred for 20 h to ensure complete TFEMA monomer conversion, and the polymerization was quenched by exposure to air. ^19^F NMR spectroscopy analysis of the copolymer dissolved in *d*~6~-acetone indicated less than 1% residual TFEMA monomer. Four series of PGMA~*x*~--PTFEMA~*y*~ diblock copolymer nanoparticle dispersions were prepared by utilizing the PGMA~*x*~ macro-CTAs described above and varying the degree of polymerization of the PTFEMA block (*y*) from 100 to 1400.

^1^H NMR Spectroscopy {#sec2.4}
---------------------

All ^1^H NMR spectra were recorded at 400 MHz in *d*~6~-acetone or *d*~4~-methanol using a Bruker Avance-400 spectrometer with 64 scans averaged per spectrum.

^19^F NMR Spectroscopy {#sec2.5}
----------------------

All ^19^F NMR spectra were recorded at 377 MHz in *d*~6~-acetone using either a Bruker Avance-400 spectrometer or Bruker Avance-500 spectrometer with 128 scans averaged per spectrum.

Gel Permeation Chromatography (GPC) {#sec2.6}
-----------------------------------

The molecular weights and polydispersities of the PGMA macro-CTAs and selected PGMA~*x*~--PTFEMA~*y*~ diblock copolymers were determined by DMF GPC operating at 60 °C. The setup comprised two Polymer Laboratories PL gel 5 μm Mixed C columns connected in series to a Varian 390 LC multidetector suite (refractive index and ultraviolet detector) and a Varian 290 LC pump injection module. The GPC eluent was HPLC-grade DMF containing 10 mmol of LiBr with a flow rate of 1.0 mL min^--1^. DMSO was used as a flow rate marker, and six near-monodisperse PMMA standards (*M*~p~ = 625--489 000 g mol^--1^) were used for calibration. Chromatograms were analyzed using Varian Cirrus GPC software (version 3.3).

Helium Pycnometry {#sec2.7}
-----------------

The solid-state density of PTFEMA homopolymer was determined using a Micromeritics AccuPyc 1330 helium pycnometer operating at 20 °C.

Transmission Electron Microscopy (TEM) {#sec2.8}
--------------------------------------

Copper/palladium TEM grids (Agar Scientific, UK) were coated in-house with a thin film of amorphous carbon. The grids were then subjected to a glow discharge for 30 s to create a hydrophilic surface. Each aqueous diblock copolymer dispersion (0.20% w/w, 10.0 μL) was adsorbed onto a freshly treated grid for 1 min and then blotted with filter paper to remove excess solution. To stain the deposited nanoparticles, uranyl formate (9.0 μL of a 0.75% w/w aqueous solution) was placed on the sample-loaded grid for 20 s and then carefully blotted to remove excess stain. The grids were then dried using a vacuum hose. Imaging was performed using a Philips CM100 instrument operating at 100 kV and equipped with a Gatan 1 k CCD camera.

Dynamic Light Scattering (DLS) {#sec2.9}
------------------------------

Hydrodynamic particle diameters were obtained using a Malvern Zetasizer NanoZS instrument, equipped with a 4 mW He--Ne solid-state laser operating at 633 nm. Backscattered light was detected at 173°, and the mean particle diameter was calculated from the quadratic fitting of the correlation function using the Stokes--Einstein equation. Highly dilute aqueous dispersions were analyzed using disposable plastic cuvettes after equilibrating at 25 °C for 30 s; all measurements were performed in triplicate and averaged values reported.

Small-Angle X-ray Scattering (SAXS) {#sec2.10}
-----------------------------------

Small-angle X-ray scattering patterns were acquired at a synchrotron source (Diamond Light Source, station I22, Didcot, UK) using monochromatic X-ray radiation and a 2D Pilatus 2M pixel detector (wavelength, λ = 1.0 Å, camera length = 10 m, which gives a *q* range from 0.002 to 0.2 Å^--1^, where *q* = 4π sin θ/λ is the length of the scattering vector and θ is half of the scattering angle). A polycarbonate capillary cell of 2 mm diameter was used as a sample holder for dilute (1.0% w/w) aqueous dispersions of the PGMA~*x*~--PTFEMA~*y*~ nanoparticles. 2D scattering data were reduced to 1D patterns using Dawn software developed at the Diamond Light Source. Further data processing (background subtraction and calibration to absolute intensity) and analysis were performed using Irena SAS macros for Igor Pro.^[@ref71]^

SAXS patterns were also acquired for the four PGMA~*x*~ macro-CTAs and selected nanoparticles using a Bruker AXS Nanostar instrument equipped with a 2D HiSTAR multiwired gas detector, modified with a Xenocs microfocus Genix 3D X-ray source (Cu Kα radiation), a collimator composed of motorized scatterless slits (Xenocs, France), and camera length of 1.46 m. SAXS patterns were recorded over a scattering vector range of 0.008 Å^--1^ \< *q* \< 0.16 Å^--1^, using thin-walled 2 mm glass capillaries. Scattering data were reduced using Irena Nika macros for Igor Pro and analyzed using Irena SAS macros.^[@ref71]^

Disk Centrifuge Photosedimentometry (DCP) {#sec2.11}
-----------------------------------------

A CPS Instruments model DC24000 disk centrifuge photosedimentometer was used to obtain weight-average particle size distributions. This instrument employed a 405 nm diode sensor for particle detection via turbidimetry (i.e., change in absorbance) near the disk periphery at the maximum centrifugation rate of 24 000 rpm. After reaching this speed, a density gradient was generated *in situ* by filling the empty disc with an aqueous sucrose spin fluid (14.4 mL). Measurements were conducted using a 2--8% w/w aqueous sucrose gradient as the spin fluid, with *n*-dodecane (0.50 mL) being added to prevent water evaporation and hence extend the gradient lifetime. The instrument was calibrated by injecting 100 μL of either 239 or 263 nm near-monodisperse poly(vinyl chloride) (PVC) latex particles (CPS Instruments, Seagate Lane, Stuart, FL), followed by injection of 100 μL of PGMA~*x*~--PTFEMA~*y*~ diblock copolymer nanoparticles in the form of a 1--5% w/w aqueous dispersion.

Results and Discussion {#sec3}
======================

Copolymer Synthesis {#sec3.1}
-------------------

Four PGMA~*x*~ macro-CTAs were synthesized via RAFT solution polymerization in ethanol at 70 °C. These homopolymers had mean degrees of polymerization of 28, 43, 63, and 98 with DMF GPC analysis indicating narrow polydispersities (*M*~w~/*M*~n~ \< 1.15) in each case. Chain extension of these PGMA~*x*~ macro-CTAs using the water-insoluble TFEMA monomer (aqueous solubility = 0.40 g dm^--3^ at 20 °C) via RAFT aqueous emulsion polymerization yielded four series of PGMA~*x*~--PTFEMA~*y*~ (denoted as G~*x*~-F~*y*~ for brevity) diblock copolymers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). As expected, *in situ* self-assembly led to the formation of well-defined spherical nanoparticles with PTFEMA cores and PGMA stabilizer shells. A series of diblock copolymers were prepared by varying the target DP of the core-forming PTFEMA block. In principle, systematic variation of the mean DP of the PTFEMA block enables the nanoparticle size to be tuned.^[@ref64]^ Similarly, varying the DP of the PGMA stabilizer block allows the stabilizer layer thickness to be adjusted, as desired.

![PISA synthesis of PGMA~*x*~--PTFEMA~*y*~ diblock copolymers via RAFT aqueous emulsion polymerization of TFEMA using a PGMA~*x*~ macro-CTA at 70 °C to produce sterically stabilized spherical nanoparticles at 20% w/w solids.](ma-2016-00987r_0003){#fig2}

Each polymerization proceeded to high conversion, as judged by both ^1^H and ^19^F NMR spectroscopy (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The ^19^F NMR spectrum for TFEMA monomer comprises a sharp triplet at −74.5 ppm; the corresponding PTFEMA exhibits a relatively broad signal at −73.9 ppm (see spectra A and C in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) Figure S1). Comparison of these two integrated signals provides a sensitive method for calculating the monomer conversion, since ^19^F is 100% abundant. Moreover, unlike ^1^H NMR spectra, ^19^F NMR spectra do not suffer from overlapping signals arising from other species (see spectrum B in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)).

###### Summary of TFEMA Conversion and Mean Intensity-Average (DLS) and Number-Average (TEM) Diameters Obtained for PGMA~*x*~--PTFEMA~*y*~ Diblock Copolymer Nanoparticles Prepared via RAFT Aqueous Emulsion Polymerization

                  conversion (%)   particle diameter (nm)              
  --------------- ---------------- ------------------------ ---------- ----------
  G~28~-F~100~    \>99             \>99                     42 ± 14    33 ± 3
  G~28~-F~200~    \>99             \>99                     77 ± 22    63 ± 7
  G~28~-F~300~    \>99             \>99                     104 ± 20   81 ± 8
  G~28~-F~400~    99               99                       136 ± 20   113 ± 14
  G~28~-F~500~    98               99                       169 ± 36   146 ± 18
  G~43~-F~400~    99               99                       87 ± 18    61 ± 7
  G~43~-F~600~    99               99                       130 ± 21   105 ± 9
  G~43~-F~800~    99               \>99                     189 ± 22   144 ± 12
  G~43~-F~1000~   99               \>99                     246 ± 9    174 ± 18
  G~63~-F~123~    \>99             \>99                     34 ± 16    23 ± 3
  G~63~-F~184~    \>99             \>99                     46 ± 13    32 ± 4
  G~63~-F~246~    \>99             \>99                     53 ± 13    35 ± 5
  G~63~-F~369~    \>99             99                       71 ± 20    42 ± 6
  G~63~-F~400~    99               99                       73 ± 19    63 ± 7
  G~63~-F~430~    99               99                       84 ± 26    56 ± 8
  G~63~-F~492~    98               \>99                     91 ± 13    62 ± 10
  G~63~-F~615~    99               99                       110 ± 13   89 ± 9
  G~63~-F~737~    97               98                       127 ± 16   88 ± 12
  G~63~-F~983~    99               99                       156 ± 30   104 ± 11
  G~63~-F~1106~   99               99                       170 ± 25   140 ± 13
  G~63~-F~1230~   91               92                       188 ± 20   164 ± 17
  G~98~-F~400~    99               99                       61 ± 18    49 ± 8
  G~98~-F~600~    99               99                       88 ± 18    58 ± 10
  G~98~-F~800~    99               99                       106 ± 14   79 ± 10
  G~98~-F~1000~   \>99             \>99                     132 ± 22   98 ± 17
  G~98~-F~1400~   92               94                       161 ± 24   129 ± 19

This was assumed to be equal to the actual composition on account of the high monomer conversions, with the exception of G~63~-F~737~, G~63~-F~1230~, and G~98~-F~1400~. The actual diblock compositions of these samples were estimated to be G~63~-F~719~, G~63~-F~1125~, and G~98~-F~1302~, respectively.

At least 100 particles were counted in each case.

For GPC analysis of diblock copolymers using a refractive index (RI) detector, there is an implicit assumption that the two blocks have comparable refractive indices. However, in this case the RI of the PTFEMA block is 1.42,^[@ref72]^ which is close to that of the DMF eluent (1.43)^[@ref73]^ and significantly lower than that of most non-fluorinated methacrylic polymers (RI = 1.49--1.59). Thus, the RI detector necessarily underestimates the relative signal intensity due to the semi-fluorinated block, which in turn exaggerates the apparent contamination of the diblock copolymer by the macro-CTA.^[@ref74]^ Indeed, DMF GPC analysis of the dissolved diblock copolymer chains using an RI detector indicated a prominent low molecular weight shoulder, which would normally suggest poor blocking efficiency for the PGMA~*x*~ (see graph A in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). However, this shoulder was substantially suppressed when using a UV GPC detector at 305 nm (which corresponds to the λ~max~ for the thiocarbonyl chain-end chromophore). Thus, in reality, relatively high blocking efficiencies were achieved during the synthesis of these diblock copolymer nanoparticles via RAFT aqueous emulsion polymerization (see graph B in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)).

Initial Particle Characterization {#sec3.2}
---------------------------------

In all cases the diblock copolymer nanoparticle dispersions prepared at 20% w/w solids were free-flowing, which suggested that spherical particles were obtained, rather than higher order morphologies such as worms.^[@ref68],[@ref75]^ DLS studies were conducted on dilute dispersions of the G~*x*~-F~*y*~ nanoparticles (summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The intensity-average particle diameter increased monotonically as the PTFEMA target DP was increased (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). DLS polydispersity indices were relatively low (typically \<0.10) in each case, indicating relatively narrow size distributions for G~*x*~-F~*y*~ nanoparticles prepared using all four PGMA~*x*~ macro-CTAs. However, using longer macro-CTAs invariably produced smaller nanoparticles when targeting a given PTFEMA DP (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).

![(a) DLS intensity-based size distributions obtained for G~63~-F~*y*~ particles prepared at 20% w/w solids via RAFT aqueous emulsion polymerization of TFEMA at 70 °C. (b) Linear correlation between the DLS intensity-average particle diameter and the mean degree of polymerization (DP) of the PTFEMA core-forming block.](ma-2016-00987r_0004){#fig3}

TEM studies confirmed that only spherical morphologies were obtained, regardless of the G~*x*~-F~*y*~ diblock composition that was targeted (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). This kinetically trapped morphology has also been reported for the synthesis of many other diblock copolymer nanoparticles via RAFT aqueous emulsion polymerization.^[@ref54],[@ref58],[@ref64],[@ref76]^ However, it is noted that amphiphilic PTFEMA-based diblock copolymers can form the full range of copolymer morphologies (i.e., spheres, worms, and vesicles) when prepared via RAFT *dispersion* polymerization conducted in *ethanol*.^[@ref74]^ Given that such a striking difference is observed for the same core-forming block for syntheses performed at the same polymerization temperature (70 °C), it seems likely that insufficient *solvation* of the growing core-forming chains prevents reorganization to so-called higher order morphologies during RAFT aqueous emulsion polymerization. Thus, our hypothesis is that the relatively low solubility of TFEMA monomer in water (as opposed to ethanol) leads to reduced solvation of the growing PTFEMA chains during PISA.

![Representative TEM images recorded for G~63~-F~*y*~ diblock copolymer nanoparticles prepared by RAFT aqueous emulsion polymerization of TFEMA using a PGMA~63~ macro-CTA at 20% w/w solids. A well-defined spherical morphology is observed in each case, with larger particles being obtained when targeting longer core-forming PTFEMA blocks (for a given PGMA block DP).](ma-2016-00987r_0005){#fig4}

Taking into account the effect of polydispersity and the steric stabilizer layer thickness, the mean number-average particle diameters calculated from TEM studies were in fairly good agreement with DLS studies (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Again, it was observed that, for a given PGMA DP, increasing the target PTFEMA DP produced progressively larger nanoparticles.

Core--Shell Particle Density {#sec3.3}
----------------------------

The density of core--shell particles, ρ~particle~, can be described by the relationshipwhere ρ~core~ and *V*~core~ represent the density and volume of the core component, ρ~shell~ and *V*~shell~ represent the density and volume of the shell component, and *V*~particle~ is the overall volume of the particle.

For sterically stabilized nanoparticles comprising a solvent-free PTFEMA core with ρ~core~ = 1.47 g cm^--3^ and a highly hydrated PGMA shell such that ρ~shell~ ≈ 1.00 g cm^--3^, [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} was used to calculate ρ~particle~ as a function of the core radius (*R*~core~) for various (assumed) shell thicknesses *T*~shell~ (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). For *R*~core~ ≤ 100 nm with a *T*~shell~ of between 2.5 and 15 nm, ρ~particle~ is strongly dependent on *R*~core~. However, for particles with a sufficiently large *R*~core~ with respect to *T*~shell~, there is a plateau region for which ρ~particle~ is no longer strongly dependent on *R*~core~. It is also evident that the shell thickness has a strong influence on the particle density, especially when the core radius is relatively small (*R*~core~ ≤ 100 nm). Finally, it is noted that RAFT aqueous emulsion polymerization provides convenient access to a wide range of well-defined nanoparticles for which *R*~core~ ≤ 110 nm.

![Relationship between particle density (ρ~particle~) and core radius (*R*~core~) for G~*x*~-F~*y*~ diblock copolymer nanoparticles of constant shell thickness (*T*~shell~). The particle density was calculated assuming a PGMA stabilizer shell density of 1.00 g cm^--3^, a PTFEMA core density of 1.47 g cm^--3^, and a fixed PGMA shell thickness of 2.5, 5.0, 10, or 15 nm.](ma-2016-00987r_0006){#fig5}

In order to calculate the actual range of effective particle densities for the G~*x*~-F~*y*~ particles discussed herein, it is important to obtain experimental values of *V*~core~ and *V*~shell~ (and hence *R*~core~ and *T*~shell~). In principle, this information can be obtained by determining the difference between the intensity-average hydrodynamic diameter reported by DLS for the hydrated nanoparticles in solution and the number-average diameter calculated from TEM analysis of the dried nanoparticles. However, in practice, this approach is unsatisfactory because DLS and TEM are biased toward different moments of the particle size distribution. Thus, SAXS, which is a much more statistically robust and rigorous technique, was used in order to determine the required structural information for these G~*x*~-F~*y*~ particles.

Small-Angle X-ray Scattering {#sec3.4}
----------------------------

SAXS patterns were recorded for 1.0% w/w dispersions of the G~*x*~-F~*y*~ copolymer nanoparticles. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) shows the radially integrated patterns expressed as the scattering intensity vs the scattering vector, *q*. In all cases, the gradient of the scattering patterns at low *q* (Guinier region) is approximately zero, supporting the spherical particle morphology observed by TEM studies ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The semi-fluorinated PTFEMA core-forming block has a relatively high scattering length density (ξ~PTFEMA~ = 12.76 × 10^10^ cm^--2^) compared to the highly hydrated PGMA shell (ξ~PGMA~ = 11.94 × 10^10^ cm^--2^, ξ~water~ = 9.42 × 10^10^ cm^--2^), so the X-ray scattering is dominated by the former component. The position of the first minimum in each pattern associated with the particle form factor is inversely proportional to particle radius; as expected, this feature shifts to lower *q* for larger particles (higher PTFEMA DPs). It is also noteworthy that in most cases three or four minima are observed. This indicates relatively narrow particle size distributions and suggests that the *q* range chosen is appropriate for characterizing these nanoparticles.

The scattering intensity resulting from the PGMA chain/water shells at high *q* is relatively weak in comparison to the PTFEMA cores. Furthermore, when fitting scattering data it is important to minimize the number of adjustable parameters in any given model.^[@ref77]^ Thus, the radius of gyration (*R*~g~) for each of the four PGMA~*x*~ homopolymers dissolved in aqueous solution was determined by SAXS before modeling the scattering patterns obtained for the G~*x*~-F~*y*~ diblock copolymer nanoparticles.

To determine *R*~g~ experimentally, a 1.0% w/w aqueous solutions of each PGMA~*x*~ homopolymer was analyzed using a Gaussian coil model (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) section C).^[@ref78]^ The two fitting parameters used for this model are *R*~g~ and ν; the latter corresponds to the excluded volume fraction governed by the polymer--solvent interaction. Scattering patterns and models are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. As expected, the normalized scattering intensity depends on the chain length, with the longest PGMA~*x*~ (*x* = 98) producing the greatest normalized scattering intensity. In each case ν was fixed at 0.50, which corresponds to theta solvent conditions. Prediction of the scattering intensity at low *q* is summarized in section C of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf). Calculated values correlate well with the experimental data and support highly hydrated polymer chains in dilute aqueous solution (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). *R*~g~ values of 1.46, 1.75, 2.23, and 2.69 nm were obtained for the four PGMA~*x*~ homopolymers (where *x* equals 28, 43, 63, or 98, respectively). Theoretical values of *R*~g~ were also estimated from total chain contour lengths and Kuhn length. The contour length, *L*~PGMA~, for the PGMA~*x*~ block, is approximately given by *L*~PGMA~ = number of GMA units × 0.255 nm, where 0.255 nm is the projected contour length per monomer repeat unit (as defined by two carbon bonds in an *all-trans* conformation). A Kuhn length of 1.53 nm corresponds to the literature value for poly(methyl methacrylate).^[@ref79]^ Consequently, it follows that *R*~g~ = (*L*~PGMA~ × 1.53/6)^1/2^.^[@ref79]^ This approach gave theoretical *R*~g~ values of 1.35, 1.67, 2.03, and 2.53 nm for the four PGMA homopolymers comprising 28, 43, 63, and 98 GMA monomer units, respectively. These calculated values are in relatively good agreement with the experimental values (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). However, the experimentally determined *R*~g~ values are preferred as no assumptions regarding contour or Kuhn lengths are required.

![Small-angle X-ray scattering patterns recorded for 1.0% w/w aqueous solutions of PGMA~*x*~ homopolymer chains. Solid lines represent fits to the data using a Gaussian coil model (see Table S1 and section C in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). The *R*~g~ values obtained from this model using ν = 0.5 are given, and the numbers in parentheses refer to the theoretical values.](ma-2016-00987r_0007){#fig6}

In order to model the scattering data obtained for G~*x*~-F~*y*~ nanoparticles, the PGMA shell thickness was taken to be equal to 2*R*~g~, and the former parameter was assumed to remain constant for a given PGMA DP, regardless of the PTFEMA DP. Furthermore, preliminary modeling indicated a mean value for the solvation of the PTFEMA core (*x*~sol~) of approximately 0.05, or just 5% solvent within the PTFEMA cores. This seems reasonable given the highly hydrophobic character of this block (its solvent interaction parameter, χ~H~2~O~, is approximately 7.30).^[@ref80]^ Using the aforementioned *R*~g~ and *x*~sol~ values and a least-squares fit, a spherical micelle model^[@ref78]^ was used to fit SAXS patterns obtained for a subset of diblock copolymer nanoparticles comprising a variable PGMA stabilizer DP and a core-forming PTFEMA DP of up to 400, for which *R*~core~ ≤ 37 nm ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). A detailed description of the model and fitting parameters used to analyze these SAXS patterns is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) (see section C and Table S2). It should be noted that an appropriate structure factor had to be included in the model in order to obtain reasonably good fits to the data.

![Selected small-angle X-ray scattering patterns (colored circles) recorded for 1.0% w/w aqueous solutions of G~*x*~-F~*y*~ nanoparticles at 20 °C. Solid black lines represent fits to the data using a spherical micelle model.^[@ref78]^](ma-2016-00987r_0008){#fig7}

For relatively small nanoparticles (PTFEMA DP ≤ 400, or *R*~core~ ≤ 37 nm), the spherical micelle model produced good data fits over the whole *q* range ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). However, for larger nanoparticles, a systematic deviation between experimental scattering patterns, and the corresponding data fits were observed at high *q* (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). Despite this technical problem, the SAXS results obtained for *R*~core~ were fully consistent with DLS data shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Inspecting [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, it is clear that the greatest change in effective particle density occurs for small nanoparticles (*R*~core~ ≤ 100 nm), and it is emphasized that the SAXS data fits are robust in this regime. Notwithstanding the less satisfactory data fits obtained for the larger nanoparticles, SAXS enables *R*~core~ to be determined with reasonable accuracy (see following section).

For a fixed PTFEMA DP, both the nanoparticle core radius and the overall nanoparticle diameter increase when using shorter PGMA stabilizer blocks. This can be explained by considering the number of copolymer chains per nanoparticle, *N*~agg~, which is calculated using the equationwhere *V*~chain~ is the volume occupied by PTFEMA in a single copolymer chain. As the PGMA DP increases for the G~*x*~-F~400~ nanoparticles, *N*~agg~ is reduced from approximately 2600 to 600 (see gray box in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This is because longer stabilizer blocks occupy a larger interfacial area between the nanoparticle core and shell.^[@ref81]^ Moreover, there is a reduction in the *R*~core~/*L*~PTFEMA~ ratio, which provides a measure of the degree of chain coiling within the core (here *L*~PTFEMA~ is estimated from the *trans* C--C bond length assuming a fully stretched chain). *R*~core~/*L*~PTFEMA~ is reduced from 0.36 for nanoparticles stabilized using G~43~ to 0.29 and 0.23 for G~63~ and G~98~, respectively. This suggests that for longer PGMA stabilizer chains, which produce nanoparticles with lower aggregation numbers, the hydrophobic PTFEMA chains are more compact within the (smaller) nanoparticle cores.

![Relationship between aggregation number (*N*~agg~) and core-forming block DP for selected G~*x*~-F~*y*~ nanoparticles prepared using PGMA~28~ (■), PGMA~43~ (●), PGMA~63~ (▲), and PGMA~98~ (▼) macro-CTAs.](ma-2016-00987r_0009){#fig8}

For a given PGMA DP, *N*~agg~ increases as the DP of PTFEMA becomes larger ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). This observation correlates well with the monotonic increase in intensity-average diameter indicated by DLS studies; hence, particle growth is a consequence of both the greater PTFEMA chain length and a larger number of copolymer chains per particle.

###### Summary of Effective Particle Densities and Particle Diameters Determined by Both SAXS and DCP for PGMA~63~--PTFEMA~*y*~ Diblock Copolymer Nanoparticles Prepared via RAFT Aqueous Emulsion Polymerization[a](#tbl2-fn1){ref-type="table-fn"}

                         particle diameter (nm)              
  --------------- ------ ------------------------ ---------- ----------
  G~63~-F~184~    1.23   41 ± 4                   45 ± 6     43 ± 4
  G~63~-F~430~    1.32   72 ± 8                   72 ± 8     72 ± 7
  G~63~-F~615~    1.35   101 ± 10                 101 ± 12   101 ± 11
  G~63~-F~1106~   1.39   157 ± 12                 146 ± 16   147 ± 14

The DCP particle diameters were determined using both a *single* effective particle density (ρ~particle~) and also by superimposing an *effective density distribution* on the particle size distribution.

Calculation and Implications of Effective Particle Density {#sec3.5}
----------------------------------------------------------

For the data sets shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf), the SAXS patterns between *q* = 0.005 Å^--1^ and *q* = 0.05 Å^--1^ were used to calculate the mean core radius, *R*~core~, for each nanoparticle dispersion using the spherical micelle model. Combining this information with the *R*~g~ data obtained by SAXS analysis of the corresponding PGMA stabilizer chains in aqueous solution enabled the effective particle density, ρ~particle~, to be determined using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}).

In this analysis, ρ~core~ was taken to be 1.45 g cm^--3^ (i.e., 5% solvent is assumed within the nanoparticle cores, as indicated from SAXS data fits) and ρ~shell~ was assumed to be 1.00 g cm^--3^ (we estimate that the volume fraction of the PGMA chains within the stabilizer shell does not exceed 0.01). Thus, it is clear that the effective particle density, ρ~particle~, of these sterically stabilized G~*x*~-F~*y*~ nanoparticles depends markedly on the precise *x* and *y* values and varies from 1.19 g cm^--3^ (for G~63~-F~123~) up to approximately 1.41 g cm^--3^ as the core radius approaches 80 nm.

![Effective particle densities (ρ~particle~) calculated for G~*x*~-F~*y*~ nanoparticles using structural parameters derived from SAXS analysis. The weak solvation of the core-forming PTFEMA block indicated by SAXS was taken into account (effective ρ~core~ = 1.45 g cm^--3^) and ρ~shell~ for the highly hydrated shell was taken to be that of water (1.00 g cm^--3^).](ma-2016-00987r_0010){#fig9}

It is also noteworthy that over the same core size range the G~28~ series (*T*~shell~ = 2.92 nm) have effective particle densities which are consistently higher than particles stabilized by G~98~ (*T*~shell~ = 5.38 nm). Such drastic changes in effective density over a relatively narrow range of particle compositions and diameters can have important implications when conducting particle size analyses using certain commercial instruments.

For example, DCP is a widely used, high-resolution particle sizing technique that has been used to characterize a wide range of colloidal particles including copolymer latexes,^[@ref82]−[@ref87]^ viruses,^[@ref88]−[@ref91]^ colloidal nanocomposites,^[@ref50],[@ref92]−[@ref100]^ protein-coated particles,^[@ref101]^ and various inorganic nanoparticles.^[@ref35],[@ref102]−[@ref109]^ DCP is based on the principle of centrifugal sedimentation: particles are radially fractionated within a rotating disk according to their size and relative density; i.e., for particles with uniform density, large particles sediment more quickly than small particles. For calculating accurate particle size distributions using DCP, the effective particle density is an essential input parameter.

Accordingly, weight-average particle size distributions were determined by DCP for the G~*x*~-F~*y*~ nanoparticles discussed herein (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). The effective particle densities used to determine these particle size distributions were calculated from SAXS analysis (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). In most cases, these size distributions are relatively narrow and the trend in mean-particle diameter agrees well with the DLS, TEM, and SAXS diameters. In addition, there is no evidence of flocculation in these particle size distributions; Balmer and co-workers have recently shown that DCP is very sensitive to such incipient aggregation.^[@ref95]^

In order to illustrate the importance of using an accurate particle density for DCP analysis, [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows an example of a particle size distribution determined for G~63~-F~184~ nanoparticles using the solid-state density of PTFEMA (1.47 g cm^--3^, blue line). When compared to the particle size distribution determined using a corrected effective particle density (black line), it is clear that the former erroneous size distribution substantially underestimates the mean diameter of the G~63~-F~184~ nanoparticles.

![Weight-average particle size distributions determined by disk centrifuge photosedimentometry (DCP) for G~63~-F~184~ nanoparticles. The blue curve shows the *erroneous* size distribution obtained for G~63~-F~184~ nanoparticles when an upper limit density of 1.47 g cm^--3^ (which corresponds to the solid-state density of dry PTFEMA homopolymer) is used for DCP analysis. The black curve shows the *corrected* particle size distribution obtained when a *single* effective particle density is used (1.23 g cm^--3^). The red curve is the *true* particle size distribution recalculated to account for the *density distribution* that is superimposed on the particle size distribution (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). However, the latter refinement becomes negligible for relatively large G~*x*~-F~*y*~ nanoparticles (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)).](ma-2016-00987r_0011){#fig10}

At this point it is perhaps worth noting that analytical centrifugation techniques have previously been employed to determine effective particle densities for various nanoparticles by applying Stokes' law to determine particle velocities in media of differing densities.^[@ref91],[@ref107]^ However, in the present case this approach would not account for the change in density of the stabilizer shell, since this largely comprises the spin fluid (or continuous phase). As a consequence, ρ~particle~ is not constant and depends on the spin fluid density. Thus, we find it more appropriate to use the calculated effective densities based on SAXS analysis rather than relying on the former techniques.

An inherent assumption made during DCP analysis is that all particles are of equal density. In reality, the stabilizer shell thickness is essentially constant, but there is some variation in the nanoparticle core diameter, as confirmed by the TEM images shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Consequently, larger particles possess slightly higher densities and so a density distribution is imposed on the particle size distribution. Interestingly, this density distribution for sterically stabilized nanoparticles (comprising low density shells and high density cores) is *complementary* to that previously reported by Fielding et al. for polystyrene/silica nanocomposite particles (i.e., high density shells and low density cores).^[@ref50]^ In this earlier study, it was shown that a mathematical method could be employed to correct for this density distribution, which enabled the raw DCP data to be reanalyzed in order to calculate true particle size distributions. Furthermore, these recalculated particle size distributions were both broader than those reported using a single density and also more consistent with particle size distributions reported using other sizing techniques.

Accordingly, a similar approach to that described previously^[@ref50]^ was used herein to correct for the density distribution in the case of a core--shell particle morphology in which the high-density PTFEMA core is of variable diameter and the low-density PGMA stabilizer shell is of fixed thickness (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) section D). Specifically, absorbance versus time raw data sets obtained from DCP measurements were analyzed assuming a "best guess" particle density (ρ) to calculate an apparent diameter at the time of detection (*D*~*t*~). The resulting *D*~*t*~ versus time data sets were then reanalyzed using a model that relates *D*~*t*~ to the true particle diameter (*D*~p~) according to the following equation:Here Δ~p~ is the difference between the density of the core--shell particle (ρ~particle~) and that of the spin fluid (ρ~fluid~), and the density difference, Δ~0~, is ρ -- ρ~fluid~. For particles with a uniform shell thickness (*T*~shell~) and a given core radius (*R*~core~), ρ~particle~ can be given by simplifying [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} as follows:where ρ~core~ and ρ~shell~ are the densities of the core and shell, respectively, and *r* is the dimensionless variableSubstituting [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} into [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} yields a cubic equation (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) eq D5) that can be solved to give a physically realistic *D*~p~ value for every *D*~*t*~ calculated during the original DCP measurement. This model is actually less complex than that reported previously because it leads to a *cubic* equation, rather than the *quintic* equation derived earlier.^[@ref50]^ The additional complexity of the earlier model arises from the need to account for the particulate nature of the shell.^[@ref50]^ A FORTRAN77 program (see section E in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)) was written in order to solve the cubic equation ([eq D5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)) for its single real positive root and hence recalculate the true weight-average particle size distributions for a given set of G~*x*~-F~*y*~ data obtained by DCP.

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the DCP data for the G~63~-F~184~ particles (for which SAXS indicates an *R*~core~ of 16 nm, see entry 1 in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). As discussed above, the DCP trace obtained when using a particle density of 1.47 g cm^--3^ (blue line) clearly undersizes these nanoparticles when compared to the corresponding TEM, DLS, and SAXS data. A more realistic particle size distribution is reported when using an appropriate effective particle density of 1.23 g cm^--3^ (black line). The red trace shows the particle size distribution obtained when the data has been recalculated to account for the superimposed density distribution. As expected, the recalculated distribution is *narrower* than that determined using a single-value effective particle density. However, this effect is only significant for smaller nanoparticles, where the volume fraction of the hydrated PGMA stabilizer layer is relatively high, leading to a more pronounced variation in the particle density ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf) shows that as the nanoparticle mean diameter increases, the recalculation becomes less significant, and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} summarizes the differences in the reported weight-average diameters along with SAXS data and particle densities for comparison (i.e., a subset of those shown in graph C of [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf)). In principle, this correction will also be negligible for highly monodisperse particles, since there is minimal variation in the nanoparticle core volume in this case.

The above technical solution to the problem of a superimposed density distribution for core--shell particles comprising high-density cores and low-density shells has been formulated for a model system of sterically stabilized diblock copolymer nanoparticles. However, the approach is generic and hence is expected to be useful for various colloidal dispersions reported in the literature, including sterically stabilized gold nanoparticles^[@ref108]−[@ref111]^ and sterically stabilized magnetite sols,^[@ref112]−[@ref116]^ both of which are used for biomedical applications.

Conclusions {#sec4}
===========

Four series of PGMA~*x*~--PTFEMA~*y*~ diblock copolymers were prepared using RAFT aqueous emulsion polymerization. Very high conversions (typically \>99%) were achieved, as judged by ^19^F NMR spectroscopy analysis. These diblock copolymers exhibited narrow, unimodal molecular weight distributions as judged by UV GPC analysis. Self-assembly in solution is driven by the *in situ* growth of the highly hydrophobic PTFEMA block, yielding sterically stabilized spherical nanoparticles with relatively narrow size distributions, as confirmed by TEM studies. Judicious variation of the PGMA~*x*~--PTFEMA~*y*~ diblock composition allowed the mean nanoparticle diameter to be controlled over a relatively wide range, from ∼30 to ∼250 nm. For a fixed DP of the hydrophilic PGMA stabilizer, a monotonic increase in particle diameter was observed on increasing the DP of the core-forming PTFEMA block. On the other hand, a substantial reduction in particle diameter was observed for PGMA~*x*~--PTFEMA~400~ nanoparticles on increasing the PGMA stabilizer DP (or *x*). SAXS analysis indicated a corresponding smaller mean number of copolymer chains per spherical nanoparticle, *N*~agg~.

The radius of gyration, *R*~g~, of the PGMA~*x*~ precursor chains in aqueous solution was calculated theoretically and also determined experimentally via SAXS. The latter value was subsequently used as a fixed parameter (along with *x*~sol~) when modeling SAXS patterns recorded for PGMA~*x*~--PTFEMA~*y*~ diblock copolymer nanoparticles in aqueous solution. This approach enabled calculation of effective particle densities for these model sterically stabilized nanoparticles, which is an essential parameter for reliable particle size analysis via analytical centrifugation. As expected, a significant increase in effective particle density was observed as the mole fraction of the high-density PTFEMA core component was increased. This model system was designed to enable the determination of the effective particle density and stabilizer layer thickness for sterically stabilized diblock copolymer nanoparticles. SAXS was then utilized to determine the volume-average diameter, *N*~agg~, and stabilizer shell thickness. These structural parameters were used to calculate an effective particle density, which enabled high resolution particle size analysis to be conducted for this model system via disk centrifuge photosedimentometry. Finally, the resulting particle size distributions were corrected for the superimposed density distribution that is an intrinsic feature of such core--shell nanoparticles. This led to narrower size distributions, and this correction is expected to be applicable to other colloidal dispersions reported in the literature.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.6b00987](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.6b00987).^19^F NMR spectra of TFEMA monomer and PTFEMA homopolymer; gel permeation chromatograms of PGMA~63~ homopolymer and PGMA~63~--PTFEMA~*y*~ copolymers; TEM images of PGMA~*x*~--PTFEMA~*y*~ particles; small-angle X-ray scattering patterns, fitting parameters and model descriptions for PGMA~*x*~ homopolymers and PGMA~*x*~--PTFEMA~*y*~ particles; particle size distributions determined by disk centrifuge photosedimentometry; derivation of equation and FORTRAN77 program used to correct disk centrifuge data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00987/suppl_file/ma6b00987_si_001.pdf))
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